Abstract-Vehicular communication is characterized by a dynamic environment, high mobility, and comparatively low antenna heights on the communicating entities (vehicles and roadside units). These characteristics make the vehicular propagation and channel modeling particularly challenging. In this survey paper, we classify and describe the most relevant vehicular propagation and channel models, with a particular focus on the usability of the models for the evaluation of protocols and applications. We first classify the models based on the propagation mechanisms they employ and their implementation approach. We also classify the models based on the channel properties they implement, where we pay special attention to the usability of the models, including the complexity of implementation, scalability, and the input requirements (e.g., geographical data input). We also discuss the less-explored aspects in the vehicular channel modeling, including modeling specific environments (e.g., tunnels, overpasses, parking lots) and types of communicating vehicles (e.g., scooters, public transportation vehicles). We conclude the paper by identifying the under-researched aspects of the vehicular propagation and channel modeling that require further modeling and measurement studies.
I. INTRODUCTION
The most important characteristics that separate vehicular communications, and therefore the vehicular channel modeling, from other types of wireless communications are: a) diverse environments where the communication happens; b) combinations of different communication types: vehicleto-vehicle (V2V), vehicle-to-infrastructure (V2I), vehicle-topedestrian (V2P), etc.; and c) the objects, both static and mobile, that affect the vehicular communication. In combination, these characteristics result in complex propagation environments that are a challenge to model. Fig. 1 shows how the small-and large-scale signal statistics vary rapidly in a typical urban environment, due to the dynamic environment, low height of the antennas, and high mobility of vehicles. Looking into the propagation characteristics, Fig. 2 shows that the built-up nature of the environment causes the signal traversing from the transmitter to the receiver to interact with a large number of surrounding objects. Even for single bounce (e.g., first-order) reflections and diffractions in urban environments, the number of resulting rays at the receiver is large. High density of objects, combined with the high mobility of the communicating vehicles and their surroundings, shows that capturing the characteristics of vehicular channels is far from trivial.
While a number of existing mobile channel models have been extensively used for cellular systems, they are often not well suited for vehicular systems, due to the unique features of vehicular channels pointed out above. For instance, differences in the relative height of the transmitter and receiver antennas could lead to significantly different signal propagation behavior. The operating frequency and communication distance in vehicular communications also differ from those of cellular systems. Vehicular communication systems are envisioned to operate at 5.9 GHz and over short distances (10-500 m), whereas currently deployed cellular systems operate at 700-2100 MHz over a long distance (up to tens of kilometers) [1] .
There exist a number of surveys on V2V channel models. For example, Molisch et al. [1] describe key issues in V2V channels and summarize the V2V channel measurement studies in various scenarios. The authors classify V2V channels based on their implementation approach and discuss the advantages and disadvantages of each approach. Mecklenbrauker et al. [2] review both the V2V and V2I propagation channels, with the main focus on the impact of different vehicular channel characteristics on the design of a vehicular wireless system. Cheng et al. [3] survey V2V channel measurement and models, including the model classification based on the implementation approach. In addition, the authors also suggest guidelines for setting up a V2V measurement and developing realistic V2V channel models. We survey the state of the art in vehicular channel modeling with a particular focus on: i) usability of the models for simulation at different scales (e.g., link-level vs. system-level) and taking into account the amount of geographic information available; ii) specific issues that need to be considered for the actual deployment of vehicular communication systems; and iii) providing guidelines in choosing a suitable channel model. Because the rollout of vehicular communication systems that is planned in the coming years in EU, U.S., Japan, and other countries 1 , large-scale evaluation and fine-tuning of standardized protocols and applications before their deployment has become the primary focus of simulation campaigns. For this reason, we pay particular attention to the usability aspects of vehicular channel models. In other words, we investigate whether or not the state of the art models can be used for efficient simulations of vehicular communication systems on a large scale. Using an appropriate channel model is critical for accurately evaluating vehicular protocols and applications before the actual deployment. To that end, we provide guidelines for choosing a suitable channel model, depending on the type of protocol/application under evaluation, available geographical information, and time constraints with respect to the simulation execution. 1 with the finalization of Release 1 standardization package by ETSI and CEN/ISO following the EC mandate M/453 [4] and the recent announcement by the U.S. Department of Transportation to move forward with V2V communication [5] II. SPECIFIC CONSIDERATIONS FOR VEHICULAR CHANNELS
A. Environments
The radio propagation is strongly influenced by the type of environment where the communication occurs. In case of vehicular communications, the most important objects that influence the propagation are buildings, vehicles (both static and mobile), and different types of vegetation. A combination of different object types, as well as their number, size, and density, has a profound impact on the radio propagation. While identifying different object types is not difficult, the classification of vehicular environments that they create is not a trivial task. Therefore, the environments where vehicular communication occurs are most often qualitatively classified as highways, suburban areas, and rural areas. Fig. 3 shows the most often analyzed propagation environments. Varying presence, locations, and density of roadside objects as well as the velocity and density of vehicular traffic significantly impacts the signal propagation in these environments. Therefore, the classification of environments should be taken with a grain of salt, because it is not uncommon to have an urban area that has open spaces akin to highways, or neighborhoods with low-rise buildings which could be arranged similar to a typical suburban setting. This is confirmed by numerous measurement studies, which have reported highly variable and often contradicting path loss exponents for the same environment: 1.6 − 2.9 on highways [6] - [8] , 2.3 − 3.5 in suburban environment [8] , [9] , and 1.8 − 3.4 in urban environment [8] , [10] . Similarly, mean delay spreads ranging between 140 − 400 ns, 80 − 104 ns, and 150 − 370 ns have been reported for highways, suburban, and urban scenarios, respectively [11] - [13] . Therefore, designing the propagation models with a specific environment in mind cannot ensure that the model will accurately apply to a different environment of the same "class". For this reason, the preferable method is to design propagation models that take into account the specific objects in the environment, along with their accurate dimensions and locations.
B. Link Types
In addition to the nature of the propagation environment, it is also important to distinguish between different link types, as they exhibit vastly different propagation properties. In V2V channels, the transmitter and receiver antennas are usually mounted on the vehicle rooftop and both vehicles are mobile, whereas in V2I channels, the base station (or access point) is stationary and may be elevated. V2P communication links are envisioned to support Vulnerable Road User safety applications [14] . Differences in mobility, shadowing, and relative height of the transmitter and receiver antennas create significant differences in reflections, diffractions and scattering patterns of the transmitted waves [15] .
C. Vehicle Types
Different types of vehicles (e.g., personal vehicles, commercial vans, trucks, scooters, and public transportation vehicles) have distinct dimensions and mobility dynamics. Therefore, models for the propagation characteristics of one vehicle type is not readily applicable to other types. Distinct features of vehicle types have an impact on the propagation modeling even if the vehicle itself is not the transmitter or the receiver. For example, the additional attenuation caused by a large truck blocking the line-of-sight (LOS) between the transmitter and the receiver can be more than 20 dB higher than the attenuation caused by personal vehicles [16] , [17] .
D. Objects
Regardless of the link types, vehicular propagation environments also consist of a number of different types of objects that impact the signal propagation. The level of impact varies depending on the object type, the link type, and the environment. For instance, mobile objects (i.e., vehicles on the road) are more important for modeling vehicular channels in highway environments, because the communication between the transmitting and receiving vehicles on highways usually happens over the road surface. On the other hand, in urban environments with two-dimensional topology, the communicating vehicles are likely to be on different streets. In this case, along with mobile objects, accounting for static objects is critical for modeling vehicular channels, since both types of objects are sources of shadowing, reflections, and diffractions [18] .
A number of measurement campaigns have also indicated that the LOS condition is a key factor in modeling V2V propagation channels. For example, measurements performed by Tan et al. [13] have shown that, regardless of the propagation environment (e.g., highway or urban scenarios), non-LOS channels have noticeably larger root-mean-square (RMS) delay spreads than that of LOS channels. This is due to the stronger signal attenuation and multipath effects caused by an increasing number of reflections and diffractions.
III. CLASSIFICATION AND DESCRIPTION OF VEHICULAR CHANNEL MODELS
In this section, we give an overview and recent advances in the vehicular propagation and channel modeling. The models described in this section are chosen mainly based on their usability (e.g., scalability, database input requirements, extensibility to different environments) and ability to realistically model a wide range of environments. By and large, the models presented in this section have been validated against measurements. We classify the models based on the propagation mechanism they model, the implementation approach they employ, and the channel properties they implement.
A. Propagation Mechanisms
Key distinguishing aspects of vehicular channels are varying path loss across space (e.g., different environments) and time (e.g., different time of day), potentially high Doppler shift, and frequency-selective fading caused by both mobile and static objects. Because modeling all of these aspects is a complex task, the most common approach thus far has been piecemeal modeling, wherein the problem is split into manageable parts and modeling is performed on one or more parts.
1) Large-scale propagation: The most commonly used large-scale propagation model for vehicular channels is the log-distance path loss model [15] , with the associated path loss exponent being estimated based on empirical measurements. Cheng et al. [9] fit the dual-slope log-distance model with suburban channel measurements. Similar approaches are used in various scenarios, including highways [6] , rural and highway scenarios [7] , urban intersection scenarios [10] , and garage scenarios [19] . In addition, other large-scale models are used. Geometry-based Efficient propagation Model for V2V communication (GEMV 2 ) proposed by Boban et al. [16] uses different types of path loss models for LOS and non-LOS conditions (the two-ray ground reflection model [15] and logdistance path loss, respectively), whereas the model proposed by Maurer et al. [18] uses the ray-tracing techniques [20] to model the large-scale propagation effects.
2) Small-scale fading: In addition to large-scale propagations, a number of models have been proposed to account for the small-scale signal variations caused by multipath propagations and Doppler effects due to mobility of vehicles and objects in their surroundings. Similar to the large-scale propagation modeling, the small-scale fading is usually modeled using well-known distributions such as the Weibull [21] , Nakagami [9] , and Gaussian [16] distributions with parameters estimated from the measurement data. For instance, in the GEMV 2 model [16] , the small-scale fading is modeled using the Gaussian distribution with varying standard deviation depending on the number of vehicles and density of objects in the area. Ray-tracing techniques have also been used to estimate the small-scale fading in various environments [7] , [18] .
It is worth noting that the propagation characteristics of vehicular communications are highly dependent on the existence of the LOS path, as indicated by empirical measurements (e.g., [6] , [16] ). As a result, the large-and small-scale propagation characteristics are usually modeled separately for LOS and non-LOS links. Mechanisms to differentiate the link types (e.g., LOS, non-LOS due to vehicles, non-LOS due to buildings) are included in recent models [6] , [16] , [19] .
B. Channel Model Implementation Approaches
Depending on the implementation approach and the availability of geographical information, the models can be classified based on their implementation approach as follows.
1) Geometry-based (GB) models:
• Ray-tracing models [20] are the most commonly-used geometry-based deterministic (GBD) models for the vehicular channel modeling. Ray-tracing methods require a detailed description of the propagation environment to produce the actual physical propagation process for a given environment in order to accurately calculate the channel statistics. The model proposed by Maurer et al. [18] is an example of a model that is based on raytracing. It calculates the channel statistics by analyzing the 50 strongest propagation paths between the transmitter and the receiver. A more scalable RAy-tracing Data Interpolation and Interfacing model (RADII) is proposed by Pilosu et al. [22] . RADII uses a combination of preprocessing ray-tracing techniques to compute the average attenuation of each region of interest (ROI) and uses an interpolation technique to compute attenuation between connected ROIs offline, so that the simulations can use a lookup table without the need of recalculating the channel statistics.
• Simplified geometry-based models take into account the geometric properties of the surroundings, at the same time simplifying geometric calculations by extracting some of the channel statistics either from measurements or simulations. Examples of these models have been described by Cheng et al. [9] and Sun et al. [19] . In these models, channel parameters are estimated separately for a given measurement scenario. For instance, two sets of model parameters are estimated for two suburban environments in Cheng et al. [9] and several sets of parameters are estimated in a parking garage environment by Sun et al. [19] , depending on the LOS/non-LOS condition and the locations of the transmitter and the receiver. Karedal et al. [7] propose a more complex model that takes into account four distinct signal components: LOS, discrete components from mobile objects, discrete components from static objects, and diffuse scattering. Model parameters were extracted from measurements in highway and suburban environments. Abbas et al. [6] designed a model that differentiates LOS and non-LOS conditions of a link based on a Markov chain probabilistic model. The transition probabilities between conditions are estimated from the probability distributions of the LOS and non-LOS components measured in different environments. Mangel et al. [10] developed a channel model that incorporates relevant information about street intersections (e.g., street width, existence of buildings on intersection corners, etc.). The model is fitted to the measurements that the authors performed at representative intersections. Boban et al. [16] developed the GEMV 2 model, which uses outlines of vehicles, buildings, and foliage to distinguish three types of links: LOS, non-LOS due to other vehicles [23] , and non-LOS due to buildings or foliage. 2) Non-geometry-based (NG) models: Most NG models conform to the following recipe: measuring the channel characteristics in a specific environment and adjusting the parameters of the path loss, shadowing, and the small-scale fading accordingly. One of the most widely-used NG models is the tapped-delay line (TDL) model. Each tap in this model represents signals received from several propagation paths; each with a different delay and different type of Doppler spectrum. Based on an extensive measurement campaign performed in urban, suburban, and highway environments with two levels of traffic density (high and low), Sen and Matolak [21] proposed a TDL model for each region. The Markov chain technique is used to model the multipath component whereby the nonstationarity property of the model is incorporated by adding the persistence process which accounts for the finite "lifetime" of the propagation paths. Similarly, Wang et al. proposed a TDLbased channel model with birth/death processes to account for a sudden appearance of a LOS component [24] .
C. Properties of the Model
Since the focus of this paper is on the usability of the model for the protocol and application evaluations, we identify below the most important properties that enable the usability of the model. Based on these properties, Table I qualitatively summarizes the state of the art propagation and channel models.
• Spatial and temporal dependency While the small-scale fading models account for the time-varying signal attenuation due to propagation effects (e.g., reflections and scattering), measurements have demonstrated that the variation in signal attenuation is strongly correlated over both time and space. This spatial and temporal dependency arises from the static and dynamic physical world features, respectively. In other words, different communication links in an area are affected by the same effects (generated by, for example, obstructing objects and ambient noise/interference). These links exhibit similar characteristics due to spatial correlation. On the other hand, mobility of vehicles and varying traffic density lead to the signal attenuation that is correlated over time (i.e., temporal dependency). The ability of a channel model to include the spatial-temporal dependency is shown in Table I .
• Temporal variance and non-stationarity Mangel et al. [10] Log Distance Nakagami (LOS)
Karedal et al. [7] Log Distance Simplified RayTracing
Boban et al. [16] Two-Ray (LOS)
Pilosu et al. [22] Preprocessed Preprocessed All GBD X X X X X Small Ray Tracing Ray Tracing
Maurer et al. [18] Ray Tracing Ray Tracing All GBD X X X X X Small,
NG: Non-Geometry-based model, GBS: Geometry-Based Stochastic model, GBD: Geometry-Based Deterministic model R and V denote the number of roadside objects and vehicles, respectively. *Only spatial correlation of shadow fading is considered. + Signal deviation depends on the number of vehicles and static objects in the area.
In addition to the spatial and temporal correlation, measurements have revealed that vehicular channels exhibit the strong non-stationarity; i.e., in addition to a change in the channel state, the channel statistics may also change, especially if the channel involves vehicles that travel at high speeds. The non-stationarity of the model also arises from static and mobile objects that could cause a sudden appearance/disappearance of the LOS component. Table I classifies the channel models based on their ability to simulate the non-stationarity property of vehicular channels 2 .
• Extensibility to different environments
With regards to the applicability of a model to different environments, we distinguish between the channel models that were calibrated by extracting the pertinent parameters from measurements at a specific set of locations and those that have the ability to model effects beyond those captured at particular locations. Since the former category depends on measurements, these models can give no accuracy guarantees for locations with considerably different characteristics. On the other hand, models that take into account geometry-specific information of the 2 Note that all of the models in Table I can simulate the temporal variance property of the channel. simulated area can give some insights for environments beyond those characterized by measurements. For this reason, we indicate the extensibility of the model in Table I to describe whether or not the model can be generalized to other propagation environments beyond those that were used to generate the model.
• Applicability
Since the primary purpose of vehicular channel models is to support the realistic development of vehicular and ITS-related applications, we analyze the ability of models to take into account application-specific scenarios. For example, instead of analyzing general highway scenarios, Bernadó et al. [25] performed measurements and subsequently developed channel models for different applications on highways: merging lane scenarios, traffic congestion scenarios, scenarios in which a car approaches a traffic jam, etc. While the classification by propagation environments can be used to identify some practical applications, there exist certain applications that require the dedicated channel characterization (e.g., pre-crash and post-crash warning [25] ). In Table I , we identify the channel models that can be applied to other use-cases in addition to the ones they are originally calibrated for.
• Antenna configuration Related to channel model's ability to incorporate smallscale fading is the ability to support different types of antenna configurations that exploit the positive and counter the negative effects of small-scale fading. Therefore, we include the information about the model's ability to support different antenna configurations (e.g., MultipleInput Multiple-Output antenna configuration).
• Scalability
In addition to the properties of the channel itself, we also classify the models based on their efficiency, which in turn determines the model's scalability. Given the increase in demand for efficient evaluations of vehicular applications, it is necessary for channel models to be able to support large-scale simulations. Efficiency of the model depends largely on the complexity of the mechanisms employed for calculating the channel statistics.
In general, models that utilize the ray-tracing techniques can provide good accuracy but do not scale well. The scalability properties of the channel models are assessed qualitatively and shown in Table I . Figure 4 shows the comparison of the received power results obtained for a V2V measurement campaign performed in the city of Porto with four models: the GEMV 2 model [16] , two models proposed by Cheng et al. 3 [9] , and the logdistance path loss model with log-normal shadow fading 4 . The parameters for the log-distance path loss model have been set to approximate the values extracted from the measurement data. Note that the actual locations of vehicles surrounding the communicating vehicles during the measurements are unknown. In case of the GEMV 2 model, this implies that their locations cannot be used in the model itself; instead, simulated locations were used, thus reducing the estimation accuracy of non-LOS links.
D. Comparison of Selected Channel Models
The main take-away from the comparison is that, if the measurements for a specific environment are not available, then the NG models provide inconsistent results. For example, the path loss exponent for distance above 100 m in the dualslope Cheng model is clearly too high, thus resulting in unrealistically low received power values above 100 m. If the model's parameters are extracted from the measurement data for a given location, then the estimate is better as shown by the log-distance model in Fig. 4) . However, if the geographical information is available, then the GBD models such as the GEMV 2 model are a better choice.
E. Guidelines for Choosing a Suitable Channel Model
The models listed in Table I differ in many aspects and offer different trade-offs between accuracy and complexity/scalability. Stochastic models that do not require any 3 For the single slope model, path loss exponent of 2.75 and std. dev. for fading of 5.5 are used. For the dual slope model, path loss exponent of 2.1 is used for distance below 100 m and 3.8 for distance above 100 m; fading std. dev. of 2.6 dB is used for distance below 100 m and 4.4 dB above. 4 For the log-distance path loss model, path loss exponent of 2.5 and fading deviation of 5 dB are used. information about the environment are simple and highly scalable, at the expense of lower accuracy. GB models trade off scalability for accuracy, where the trade-off can differ quite significantly from one model to another. Ray-tracing models (e.g., [18] ) require a detailed information about the propagation environment (that can be hard to collect) and higher computational power. On the other hand, the model proposed by Abbas et al. [6] only requires information on the type of the environment to estimate the channel statistics. Thus, it is highly scalable and can provide environment-specific but not location-agnostic channel information. Simplified GB models that take into account actual locations of objects (e.g., GEMV 2 model [16] ) can achieve a good accuracy/scalability tradeoff, offering a large gain on scalability compared to the ray-tracing models, while providing sufficient accuracy and ease of use.
Ultimately, choosing the right model should depend on the type of application and/or protocol that needs to be evaluated, constrained by processing power and availability of the required data (either geographical or measurements). To that end, the flowchart shown in Fig. 5 provides a guideline in choosing a suitable channel model. For example, if only system-wide performance analysis is required (e.g., overall packet delivery ratio, average end-to-end delay, etc.), any type of model (NG, GBS, or GBD models) might be suitable. However, if an application requires network topology statistics (e.g., the number of neighboring vehicles) or locationdependent statistics (e.g., the packet delivery rate or end-toend delay in an area with rapid channel fluctuations), GB models that can model dynamic link transitions and smallscale variations should be used. For safety-critical applications, that disseminate time-sensitive information about a specific safety event, GBD models are the best choice.
Once the channel model category for a specific application is identified, the suitable channel model should be chosen based on the availability of geographic/measurement data and processing power. If the complete geographic information (e.g., location, dimensions, and material properties of vehicles, buildings, and foliage) is available and processing speed is not an issue, then ray-tracing-based GBD models (e.g., the model proposed by Maurer et al. [18] ) could be used for maximum Type of application and/or study?
NG models -Sen and Matolak [21] (urban highway) -Cheng [9] accuracy. If limited information about the propagation environment is available (e.g., density of vehicles and surrounding objects) and the processing speed is important, then simplified GB models can be used (e.g., [7] , [16] ). Otherwise, other GB models such as [9] , [24] , which only require a qualitative type of simulated environment may be used.
IV. TOWARD REALISTIC AND EFFICIENT VEHICULAR CHANNEL MODELING
In this section, we discuss the recent trends in the vehicular channel modeling, including the the need for models that are usable in large-scale vehicular network simulators. We also discuss vehicular channel emulation as an alternative approach for realistic protocol and application evaluations. Finally, we point out open problems in the area of propagation and channel modeling that require further attention.
A. Efficient Models for Realistic Large-Scale Simulation
As the deployment phase in main ITS markets is getting closer, realistic channel models for large-scale simulations are necessary for the efficient evaluation of applications before they are deployed in the real world. However, channel and propagation models currently used to simulate V2V and V2I communication links in VANET simulators (e.g., NS-3 5 ) are based on simple statistical models (e.g., free space, logdistance path loss [15] , etc.) that are used indiscriminately for all environments where the communication occurs. As shown in Fig. 4 , these models cannot capture the characteristics of vehicular channels, namely rapid transitions between LOS and non-LOS conditions, changes in delay and Doppler spreads, etc. Consequently, simple models were shown to exhibit poor performance in terms of link-level modeling, particularly in complex environments [26] . A way forward in this respect would be to combine geometry-based scalable propagation models (e.g., [6] , [16] ), which are able to distinguish between different LOS conditions and environments, with small-scale channel models, which are able to provide appropriate delay and Doppler statistics for each representative environment (e.g., [9] , [25] ). Finally, attempts should be made to implement such realistic models in large-scale network simulators in order to enable realistic evaluations of protocols and applications. The GEMV 2 model is an example of a computationally efficient channel model that can model the signal propagation in a large set of environments (e.g., highway, rural, urban, complex intersections, etc.) and is able to simulate city-wide vehicular networks with thousands of communicating vehicles. It allows importing realistic mobility data from Simulation of Urban MObility (SUMO) and building/foliage outlines from OpenStreepMap [27] 6 . Apart from the propagation-related statistics, the GEMV 2 model allows for the analysis of networking related metrics, such as packet delivery rates, effective transmission range, and neighborhood size (see Fig. 6 ).
B. Vehicular Channel Emulations
Performing experiments with real hardware in realistic environments is inherently the most realistic approach to characterize wireless vehicular channels. However, the cost and repeatability issues make this approach unfeasible for large-scale evaluations (e.g., involving tens or hundreds of vehicles). At the other end of the spectrum is channel simulation, which can ensure high repeatability, configurability, and manageability. However, designing a realistic channel simulator is a challenge, since the simulation environment needs to either be highly detailed to account for all aspects of the real system or it needs to make certain assumptions about the real world. Between the channel experimentation and simulation lies the channel emulation, where parts of the real communication systems are used in conjunction with the simulated ones, with the main goal of maintaining the repeatability and configurability of simulation environments, combined with a high level of realism of a testbed. One example is the Carnegie Mellon University (CMU) Wireless Emulator [28] , where the emulator takes as input the signals generated by real devices, subjects them to simulated realistic signal propagation models and feeds the signals back into the real devices. The emulator was shown to behave realistically by comparing its output to the real-world measurements. In terms of the vehicular channel emulation, a detailed model for small-scale statistics of vehicular channels has been developed and implemented in NS-3 by Mittag et al. [29] . The authors compared the results from the simulator with those generated by the CMU Wireless Emulator [28] and found a good match in terms of frame reception rate results. Therefore, provided that the size of the system is limited (up to a few dozen vehicles), the channel emulation is a feasible approach for a realistic and reproducible vehicular channel evaluation.
C. Open Research Issues 1) Channel models for different vehicle types: Vehicular channel measurements and modeling have primarily focused on personal cars (e.g., [6] , [10] , [16] ). Studies dealing with other types of vehicles (e.g., commercial vans, trucks, scooters, and public transportation vehicles) are rare, despite their considerably different dimensions and road dynamics. For example, the mobility of scooters and motorcycles is notably different from that of personal cars [30] . Combined with their smaller dimensions and lack of roof for antenna placement, the mobility of scooters indicates that the propagation characteristics for scooters can be significantly different from that of personal cars. Similarly, recent studies have shown that, in the same environment, commercial vans and trucks experience different channel propagation characteristics from the personal cars. This resulted in different reliable communication ranges and packet error rates [31] . Therefore, further studies are needed to investigate channel characteristics for vehicles other than personal cars.
2) Under-explored environments: While vehicular communications can take place in any scenario, signal propagation measurements are usually performed in the common environments (e.g., those in Fig. 3 ) and measurements in other environments, such as multi-level highways, tunnels, parking garages, bridges, and roundabouts are quite rare. For example, V2V signal propagation measurements in a parking garage has been performed in one study to date [19] ; similar for measurements in tunnels [32] , [33] and on-bridge environments [25] . Further measurements and modeling studies are particularly necessary for environments with distinct applications usecases that can occur in them (e.g., service updates in parking garages, cooperative awareness functionalities without GPS in tunnels, etc.).
3) Vehicle-to-X channels: Despite significant differences between V2V, V2I, and V2P communications, the propagation characteristics of V2I and V2P channels are not as wellresearched as V2V channels -for example, all models described in Table I focus on V2V communications. In addition to V2I measurement campaigns [13] , [34] , there are only a few dedicated V2I channel models. Acosta-Marum and Ingram [12] developed a TDL model to capture the joint Doppler-delay characteristics of V2I channels. The models are based on extensive measurements for urban, suburban, and highway environments. Part of the reason is that V2I systems resemble existing cellular systems, where one of the communicating entity (base-station) is stationary while the other (user equipment) is mobile. However, typical positioning of static (infrastructure) nodes in V2I communications is unique for vehicular communications: on highways, road side units (RSUs) will be placed close to the road at heights considerably lower than that of cellular base stations (see, e.g., current efforts within the Amsterdam Group: https://amsterdamgroup. mett.nl). In urban areas, the most beneficial locations are near large intersections. Furthermore, a study performed by Gozalvez et al. [34] showed that V2I communications in urban areas is highly variable, with both static and mobile objects creating a considerably changing channel over both space and time. Therefore, there exists a need for further studies to investigate V2I channels.
In terms of V2P communications, recent studies by Wu et al. [35] and Anaya et al. [14] have explored the basic channel properties of V2I links. Channel models for different communication technologies that can enable V2P communications (e.g., DSRC, WiFi, and cellular-based systems) need to be explored further. Therefore, there is much work to be done in order to fully understand and model the V2P communication channels.
4) Vehicle-to-X and 5G: As the recent research efforts on future 5G cellular networks start to look more deeply into ITS-related applications [36] , it is reasonable to expect gradual convergence of the efforts on the channel modeling for Vehicle-to-X (V2X) and 5G systems. For example, as the delay requirement becomes more stringent for many 5G scenarios, the proposed system overcomes the main obstacle for use in a vehicular setting (i.e., lack of low-latency guarantees). Initial steps needed for enabling V2X systems through 5G, along with the related requirements for channel modeling, are discussed by Kyrolainen et al. [37] . Additionally, when applied to highly mobile terminals, Device-to-Device (D2D) concept in 5G systems shares many similarities with V2X communications; therefore, efforts on modeling D2D channels (e.g., [38] ) can benefit from the existing V2V channel modeling work and vice versa.
V. CONCLUSIONS
This paper provides a survey of recent developments in the area of propagation and channel modeling for vehicular communications. We pay special attention to the usability aspects of the models, including their suitability for large scale evaluations of protocols and applications for future Cooperative Intelligent Transportation Systems. We first discuss the key channel characteristics that distinguish the vehicular communications from other types of wireless communications. Next, based on the distinguishing features, we classify and summarize the state of the art vehicular channel and propagation models based on the propagation mechanisms they model and their implementation approach. In addition, we provide guidelines for choosing a suitable channel model, depending on the type of protocol or application under investigation and taking into account the availability of geographical information and processing power available for simulation execution. Finally, we discuss the less-explored aspects of vehicular channel modeling and point out the areas where further research efforts are required.
